The ability of individuals to adapt locomotion to constraints associated with the complex 49 environments normally encountered in everyday life is paramount for survival. Here, we tested 50 the ability of twenty-four healthy young adults to adapt to a rightward prism shift (~11.3°) while 51 either walking and stepping to targets (i.e., precision stepping task) or stepping over an obstacle 52 (i.e., obstacle avoidance task). We subsequently tested for generalization to the other locomotor 53 task. In the precision stepping task, we determined the lateral endpoint error of foot placement 54 from the targets. In the obstacle avoidance task, we determined toe clearance and lateral foot 55 placement distance from the obstacle before and after stepping over the obstacle. We found large, 56 rightward deviations in foot placement on initial exposure to prisms in both tasks. The majority 57 of measures demonstrated adaptation over repeated trials and adaptation rates were dependent 58 mainly on the task. Upon removal of the prisms we observed negative aftereffects for measures 59 of both tasks. Additionally, we found a unilateral symmetric generalization pattern in that the left, 60
Introduction 72
A hallmark of the nervous system is its ability to adapt to changing situations. Whether 73 through re-organization caused by disease or injury or adaptation to meet the current task 74 demands, the brain is remarkably capable of change. Prisms can be used to disrupt the normal 75 relationship between visuomotor and proprioceptive-motor reference frames, thereby enabling 76 the study of how and to what extent the nervous system can adapt across different contexts 77 (Redding et al. 2005 ). Prism glasses work by displacing the visual perception of an object to one 78 side of its actual location. The degree of displacement depends on the orientation and strength of 79 the prisms. Importantly, this visual shift results in a mismatch between the initial motor command 80 generated for a limb movement to the object and the predicted sensory consequences estimated 81 by a so-called forward internal model such that the limb is not where it is expected to be. These 82 sensory prediction errors are thought to drive adaptation (Shadmehr et al. 2010 ; Tseng et al. 83
2007). 84
Prism adaptation during reaching or throwing has been extensively studied (Harris 1965 ; 85 target results in a large endpoint error in the direction of the prismatic visual shift. This error is 88 reduced over time following repeated attempts; but when the prisms are removed there is a large 89 endpoint error in the opposite direction, referred to as the negative aftereffect. It has been argued 90 that prism adaptation during reaching involves at least two adaptive processes that work on 91 different time scales: a short-term, fast adaptive process called strategic control (specifically 92 recalibration) and a slower, adaptive process called spatial realignment (Redding and Wallace 93 2002; Redding et al. 2005) . Strategic control encompasses recalibration, which in the case of 94 prismatic distortion occurs through resetting of feedforward motor plans with knowledge of 95 results (or feedback) from previous attempts and leads to the direct effects of prism exposure 96 (i.e., reduction in error). On the other hand, spatial realignment adjusts for constant differences in 97 spatial coordinates between sensorimotor systems (i.e., realigns visual and proprioceptive spatial 98 coordinates through updating of internal models) and is reflected in the presence of aftereffects. 99
In comparison, prism adaptation during walking has received relatively little attention. 100
Prisms cause locomotor trajectory to deviate in the direction of the prism shift, which adapts over 101 repeated attempts (Kennedy et these results support the notion that the nervous system is capable of adapting to altered 107 constraints during locomotion. 108
The ability to step to specific locations (i.e., precision target stepping) and to avoid 109 obstacles (i.e., obstacle avoidance) is paramount for safe locomotion. We often find ourselves in 110 a position to step up onto a curb or position our feet on a particular ground location in order to 111 prevent a loss of balance due to a particular unstable surface. Locomotion in this context relies 112 heavily on visual information (Marigold et al. 2011; Marigold 2008) . In contrast to reaching and 113 simple walking, precision stepping and obstacle avoidance are considerably more complex. This 114 complexity is manifested in several different ways. First, balance constraints associated with 115 these tasks are increased. Unlike reaching or simple walking, improper foot placement, 116 particularly in the case of obstacle avoidance, may result in a loss of balance and a subsequent 117 fall. Second, the two lower limbs must be coordinated versus a single (upper) limb during 118 reaching. For example, precision stepping to targets may require changes in step width and length 119 of both lower limbs. Obstacle avoidance also requires coordination of both lower limbs but has 120 the added requirement of overcoming the height of the obstacle. Thus, obstacle avoidance during 121 locomotion requires the limb to traverse multiple planes as opposed to most reaching paradigms. 122
The extent to which the nervous system can adapt to conflicting expected and actual sensory 123 consequences of leg movements during these common locomotor tasks is largely unknown. 124
Knowledge of generalization patterns allows us to gain insight into how adaptation is 125 encoded (e.g., limb and/or task specific, direction dependent) by the nervous system (Pearson et asymmetric in that arm pointing generalizes to the leg, but not vice versa. The difference in these 137 findings may reside in the fact that in the latter experiment the task was to step to a target from a 138 seated or standing posture but in the former experiment the task was to walk within a path 139 marked by boundary lines. However, generalization between different visually demanding 140 locomotor tasks after adaptation to prisms has not been explored, yet is important for 141 understanding how locomotor tasks generalize and may facilitate the planning of rehabilitation 142 strategies (Bastian 2008; Krakauer 2006) . Therefore, the purpose of this study was (1) to 143 determine the extent of prism adaptation for two visually guided locomotion tasks (i.e., precision 144 target stepping and obstacle avoidance), and (2) to determine the generalizability between 145 precision target stepping versus obstacle avoidance prism adaptation. We hypothesized that the 146 nervous system would adapt to the mismatch between the expected and actual sensory 147 consequences created by the prisms consistent with the notion that the nervous system uses an 148 internal model to guide lower limb movements. Additionally, we hypothesized that adaptation to 149 one task would generalize to the other. 
Subjects 169
A total of 24 subjects (age = 25.2 ± 3.3 yr.; height = 174.6 ± 8.6 cm; mass = 69.9 ± 13.6 170 kg; 13 males and 11 females) from Simon Fraser University participated in this study. The 171 subjects were pseudo-randomly assigned to one of two groups. Group 1 (Stepping) consisted of 172 six males and six females (age = 25.9 ± 3.4 yr.) while group 2 (Obstacle) consisted of seven 173 males and five females (age = 24.4 ± 3.2 yr.). The Office of Research Ethics at Simon Fraser 174
University approved the study and all subjects gave informed consent prior to performing the 175 experiments. Those with known musculoskeletal, neurological or visual disorders were excluded. 176
If a subject required glasses, they were allowed to wear contact lenses, as frames interfered with 177 the prism glasses. Asking subjects which leg they would use to kick a soccer ball assessed leg 178 dominance. In groups 1 and 2, right leg dominance was reported in 11/12 and 10/12 subjects, 179 respectively. 180
181

Procedure 182
All subjects performed two different visually guided walking tasks to varying degrees 183 depending on which task they were chosen to adapt to while wearing prism glasses. An Optotrak 184
Certus (Northern Digital Inc., Waterloo, Ontario, Canada) camera was positioned perpendicular 185 to the walkway and used to record kinematic data (sampling frequency of 100 Hz). We placed 186 infrared emitting diodes on the body including the head and chest and bilaterally on the knees, 187 ankles, and feet. 188 Figure 1A shows the experimental setup for both walking tasks. For the precision stepping 189 task, subjects stood at one end of the lab facing the walkway. On command, subjects were asked 190 to walk to the other end of the lab and step onto the centre of two targets (35.5 x 19 cm), without 191 stopping, as they passed. The right foot always stepped on the first target and the left foot always 192 stepped on the second target. For the obstacle avoidance task, subjects were asked, on command, 193 to walk to the right side of the obstacle (height = 36 cm; width = 9 cm; length = 130 cm) and step 194 over the middle of it laterally, first with the left foot and then with the right foot before 195 continuing to walk for several more steps. In both tasks, subjects were positioned between ~2.5 -196 4 m from the targets or obstacle (requiring ~2 -4 steps before the first target or obstacle) and 197 asked to walk at a relatively fast but comfortable pace. 198
Subjects of group 1 (Stepping) performed the precision stepping task while wearing the 199 prism glasses during the adaptation phase and group 2 (Obstacle) subjects performed the 200 obstacle avoidance task while wearing the prism glasses during the adaptation phase. Table 1  201 illustrates the experimental protocol (including the order of testing) for both groups. Specifically, 202 subjects were tested in baseline, adaptation, generalization, and post-adaptation phases. In the 203 baseline phase, subjects wore control glasses that did not distort vision (0-diopter shift). Subjects 204 performed these trials with their eyes open. The baseline phase consisted of 15 precision stepping 205 trials and 15 obstacle avoidance trials; the order of which depended on the group (see Table 1 ). In 206 the adaptation phase, subjects wore 20-diopter wedge prism glasses (Standard Prism Training 207 Glasses, Bernell, Mishawaka, IN, USA), inducing a visual field shift of ~11.3 degrees to the 208 right. These prism glasses frames were equipped with black cloth to block the underside of the 209 frame and thus partially obscured the lower visual field so that subjects were forced to look 210 through only the prisms. A similar technique was also used with the control glasses. Subjects 211 were asked to have their eyes closed before the start of each trial. On command, subjects opened 212 their eyes and began to walk for one of the two tasks. Once they reached the end of their forward 213 movement, subjects turned around, closed their eyes and raised an arm while a lab assistant 214 guided them back to the starting location. This was to ensure that the subjects couldn't adapt 215 during the walk back. The lab assistant randomly altered the starting location for each trial in 216 order to prevent subjects from developing a learned stepping pattern to complete their task from 217 memory and thereby forcing them to use vision to guide their movements. During this adaptation 218 phase, subjects performed 60 trials of one of the two walking tasks (either precision stepping or 219 obstacle avoidance based on their group number; see Table 1 ). In the generalization phase, 220 subjects removed the prism glasses and replaced them with the control glasses. With their eyes 221 still closed at the beginning of the trial, subjects were asked to perform 1 trial of the condition 222 opposite to the adaptation phase opening their eyes on command and closing them again once 223 completed. In the post-adaptation phase, subjects performed 30 trials of the adapted task with 224 their eyes open during the task, closing their eyes while being escorted back to the start. 225
In addition to the walking tasks, each subject underwent visual shift and proprioceptive 226 shift tests (adapted from Morton and Bastian 2004; Wallace 1988, 1994) . 227
Specifically, subjects underwent 5 trials of both the visual and proprioceptive shift tests prior to 228 the baseline phase and then a single trial of each test after the adaptation phase, but before the 229 generalization phase. The visual shift test looked at the degree to which prism adaptation shifted 230 the felt position of the eyes relative to the head or the perceived straight-ahead direction (Morton 231 and Bastian 2004) . In total darkness, subjects stood ~1 m from a projection screen with their feet, 232 hips and head aligned and oriented straight-ahead. At the start of a trial, subjects opened their 233 eyes and indicated when they perceived the dot of a laser pointer that was shone on the screen to 234 be directly in front of them. They were allowed to verbally ask for adjustments (by telling the 235 investigator to move the laser slightly left or right) until they believed it was in the correct 236 location. If prisms stimulate a visual shift, we would expect to see subjects identify straight-ahead 237 as being to the right of midline during the visual test after prism exposure (Morton and Bastian 238 2004; Wallace 1988, 1994) . and a negative number represents error to the left of the target (see Fig. 1B ). In the obstacle 252 avoidance task, performance was measured by calculating the distance from the obstacle of both 253 the trailing foot (i.e., step N-1, the right foot) and leading foot (i.e., step N, the left foot) from a 254 mid-foot marker. For both step N and N-1 increasing positive numbers represent a greater 255 deviation away from the obstacle (see Fig. 1B ). In addition, we calculated the left toe clearance 256 (LTC), which represented the clearance of the lead foot over the obstacle. The left toe clearance 257 was measured at the level of a position marker on the toe. 258
We compared the performance of each walking task at several time periods: baseline (the 259 average of the last five baseline trials, calculated separately for each movement); early adaptation 260 The rate of adaptation (i.e., adaptation phase) for each measure that demonstrated 265 adaptation was determined on a subject-to-subject basis. We fit different functions (e.g. 266 exponential, cubic, power, log) to the data and chose the function with the largest r 2 value in the 267 majority of subjects to use in the analysis. Thus, we fit exponential functions to plots of deviation 268 from target/obstacle versus trial number for target 1 (stepping task), target 2 (stepping task), and 269 step N (obstacle task). The exponential time constant was used as an approximation of the 270 adaptation rate (Martin et al. 1996a 
; Morton and Bastian 2004). 271
We also compared the magnitudes of visual and proprioceptive shifts before and after prism 272 exposure. For the visual shifts, a lab assistant marked the locations on the screen that subjects 273 indicated as 'straight-ahead' with an 'extra' infrared emitting diode. We calculated the distance 274 between the head marker and the identified straight-ahead location on the screen in the medial-275 lateral dimension and the anterior-posterior dimension. For the proprioceptive shifts, we 276 calculated the distance between the head marker before stepping and the toe marker after 277 stepping in both the medial-lateral dimension and the anterior-posterior dimension. For both tests, 278
we calculated the angle of the shift as the inverse tangent of the ratio of the medial-lateral to 279
anterior-posterior distances. Positive and negative angles were assigned to indicate rightward and 280 leftward deviations, respectively. We compared performance on the shifts tests at the baseline 281 phase (the average of all five trials) and just after the adaptation phase (single trial). 282
All data were collected and analyzed using custom written LabVIEW (National 283
Instruments, Austin, TX) programs. Statistical analysis was completed using SPSS (SPSS, 
Adaptation to precision target stepping and obstacle avoidance 312
In these experiments our first goal was to determine whether healthy adults were able to 313 adapt to a rightward prismatic shift during a precision target stepping or obstacle avoidance task. 314
Average gait speed pooled across the testing phases during the precision stepping task was 1.44 ± 315 0.15 m/s, which was significantly faster (paired t-test, P < 0.0001) than the gait speed during the 316 obstacle avoidance task (1.01 ± 0.23 m/s). There was no difference in gait speed across the 317 different testing phases. The slower gait speed in the obstacle avoidance task was due to the limb 318 being elevated to clear the obstacle, which required subjects to slow down in order to control the 319 trajectory of the movement. There was no evidence of on-line corrections during the step to 320 targets or obstacle as evident from video analysis and kinematic profiles. 321 Figure 2A clearly demonstrates a classical prism adaptation pattern for an example subject 322 performing the precision stepping task (group 1). Upon initial exposure to prisms while 323 performing the task there was a large rightward deviation in foot placement with respect to both 324 targets, as denoted by the arrows in the adaptation phase. The subject represented in the figure 325 completely missed the two targets and required multiple attempts before they were successful. 326
This was commonly observed for all subjects. The rightward deviation was reduced after 327 repeated trials with the prisms and returned to baseline levels. After removal of the prisms, the 328 subject demonstrated a large negative aftereffect. This was reflected by a large leftward 329 deviation, as denoted by the arrows in the post-adaptation phase. 330 Figure 3A displays the group means for the lateral deviation from target 1 by the right foot 331 and from target 2 by the left foot for the various phases during the precision stepping task. As is 332 evident from the figure, group data also supports the notion of prism adaptation for this task (one-333 way repeated measures ANOVA, P < 0.0001 for both target steps). The results were similar for 334 both steps. In the adaptation phase, all subjects showed an initial rightward deviation from the 335 targets compared to baseline for both target 1and 2 for the right and left feet, respectively 336 (baseline versus early adaptation phase, post hoc P < 0.0001). The initial deviation was larger for 337 target 2 with the left foot: left foot deviations (with respect to baseline) were 357.2 ± 77.5 mm 338 and right foot deviations (with respect to baseline) were 308.7 ± 59.8 mm to the right of both 339
targets. 340
Over repeated trials, performance gradually improved to near-baseline levels (early versus 341 late prism adaptation phase, post hoc P < 0.0001; baseline versus late adaptation phase, post hoc 342 P > 0.05). After the prisms were removed for the post-adaptation phase, all subjects showed a 343 distinct negative aftereffect (targets 1 and 2: baseline versus early post-adaptation phase, P 344 <0.0001) with initial deviations (with respect to baseline) of -100.7 ± 45.9 mm for the right foot 
0.0001). 351
The obstacle avoidance task proved to be substantially challenging when subjects were first 352 exposed to the prisms. A total of 9/12 subjects hit the obstacle on the first adaptation trial in the 353 obstacle group (i.e., group 2). Despite repeated attempts many subjects still knocked over, 354 stepped on, or kicked the obstacle throughout the adaptation phase. During the adaptation and 355 post-adaptation phases the obstacle was hit 44 and 3 times, respectively. 356
Data from an individual subject performing the obstacle avoidance task are shown in Fig. 4 . 357
When exposed to the prisms, this subject hit the obstacle on the first attempt during the 358 adaptation phase. The arrows indicate this trial for each of the three measures (see Fig. 4A ). Toe 359 clearance (diamonds) was near zero. Note that this value does not reach zero as the marker on the 360 toe was placed on the top of the foot. This unsuccessful attempt was presumably due to the large 361 rightward shift in step N-1 (squares). After repeated attempts at the task with the prisms, the 362 deviations in step N-1 and step N were reduced. However, step N-1 deviations never returned to 363 baseline. Toe clearance also did not return to baseline values. In fact, after the initial obstacle 364 contact the subject overcompensated with a large toe clearance. Upon removal of the prisms, a 365 negative aftereffect was only seen for step N (see large shift during post-adaptation phase in 366 distance from the obstacle in the opposite direction to the early adaptation phase: triangles). 367 Figure 3B illustrates the group data for the obstacle avoidance task (group 2) at key points 368 among the different phases. While all three measures characterizing performance on the obstacle 369 avoidance task exhibited significant one-way repeated measures ANOVAs (LTC: P = 0.039; step 370 N: P < 0.0001; step N-1: P < 0.0001), adaptation during prism exposure and aftereffects were less 371 obvious than for the precision stepping task. For instance, step N-1 (Fig. 3B, middle panel) was 372
shifted significantly away to the right of the obstacle for the early adaptation phase compared to 373 the baseline phase (post hoc P < 0.0001). This rightward deviation was an average of 233.4 ± 374 108.6 mm from the average baseline phase values. However, the decrease in rightward deviation 375 away from the obstacle over repeated trials during the adaptation phase did not reach 376 significance (post hoc P > 0.05, early versus late adaptation phases). In addition, there was no 377 evidence of an aftereffect (post hoc P > 0.05) as can be seen comparing the baseline and early 378 post-adaptation phases in Fig. 3B . 379
The LTC measure failed to show any difference in the early adaptation phase (baseline 380 versus early adaptation phase, post-hoc P > 0.05) or any evidence of an aftereffect (baseline 381 versus early post-adaptation phase, post hoc P > 0.05) for group 2 (Fig. 3B, left panel) . This is 382 not necessarily surprising given that the prisms act to displace visual information in the medial-383 lateral direction and not the vertical direction per se. Interestingly, of those nine subjects that hit 384 the obstacle on the first adaptation trial, we noticed that this resulted in a large overcompensation 385 in subsequent trials (i.e., larger toe clearance compared to baseline phase), which often didn't 386 stabilize throughout the adaptation phase. 387
However, similar to the precision stepping task, step N of the obstacle avoidance task 388 demonstrated adaptation (Fig. 3B, right panel) . There was a clear initial rightward shift in 389 distance from the obstacle for step N (i.e., closer to obstacle; post hoc P = 0.006) in the early 390 adaptation phase, which returned to baseline after repeated trials (baseline versus late adaptation 391 phase, post hoc P > 0.05). Furthermore, there was evidence of an aftereffect for this step (post 392 hoc P = 0.008) in the early post-adaptation phase. 393
394
Adaptation rates 395
Subjects adapted to the precision stepping task or obstacle avoidance task at different rates. 396 Fig. 5 shows the adaptation curves (fit by an exponential function) of representative subjects for 397 the measures of the two locomotor tasks that demonstrated adaptation. As can be seen for the 398 precision stepping task (Fig. 5A, B) , both steps to the two targets adapted at similar rates (mean 399 rates of adaptation: target 1 = 6.2 ± 5.8 trials, r 2 = 0.80; target 2 = 5.5 ± 5.0 trials, r 2 = 0.83). The 400 same subject displayed in Fig. 2 for the precision stepping task is shown in the right column of 401 the panels of Fig. 5A and B. 402
Adaptation curves for step N of the obstacle avoidance task are displayed in Fig. 5C . The 403 mean adaptation rate for this measure was 1.7 ± 1.1 trials (r 2 = 0.47). This rate was significantly 404 faster (independent t-test: P = 0.032) compared to the rates for target 2 (same limb for each 405 measure) in the precision stepping task. The adaptation curve of the subject displayed in Fig. 4 406 for the obstacle avoidance task is shown in the right column of the panel of Fig. 5C . Adaptation 407 rate and r 2 values for the curve fits for all subjects are reported in Table 2 . Taken together, the 408 results of the adaptation rates indicate that subjects adapted quickly for the precision stepping 409 task and step N of the obstacle avoidance task. 410
411
Generalization between prism-adapted precision stepping and obstacle avoidance tasks
we asked whether subjects in group 2 (Obstacle), who adapted to prisms during an obstacle 417 avoidance task, demonstrated generalization to the precision stepping task. 418
For generalization from precision stepping to obstacle avoidance to be evident, we would 419 expect to see subjects of group 1 (Stepping) biased to the left when stepping over the obstacle 420 (i.e., similar to the negative aftereffect in the early post-adaptation phase, for example, with step 421 N of group 2 subjects). Thus, we should observe a decrease in distance from the obstacle of step 422 N-1 and an increase in distance from the obstacle of step N. The latter result is evident in the 423 single subject example in Fig. 2B . Subjects of group 2 (Obstacle), who adapted to prisms during 424 the obstacle avoidance task, were exposed to a precision stepping task without the prisms during 425 the generalization phase. For generalization from obstacle avoidance to precision stepping to be 426 evident, we would expect to see subjects of group 2 (Obstacle) biased to the left when stepping to 427 the two targets (i.e., similar to the negative aftereffect in the early post-adaptation phase, for 428 example, with target 1 and 2 steps of group 1 subjects). This would be reflected in a more 429 negative lateral deviation from the targets. This is shown in Fig. 4B for a single subject, 430 particularly for the step to target 2 with the left foot. 431
As illustrated by the group means in Fig. 6 , both groups exhibited partial generalization. 432
The average data is similar to the single subject examples shown in Figs. 2B and 4B. Only steps 433 that required the left foot, and not the right foot, demonstrated generalization. In other words, foot 434 placement of the left foot onto target 2 (P < 0.0001) in the precision stepping task and foot 435 placement of the left foot after stepping over the obstacle (i.e., step N; P = 0.009) in the obstacle 436 avoidance task generalized. However, the step onto target 1 with the right foot and the step with 437 the right foot before clearing the obstacle (i.e., step N-1) showed no generalization (P > 0.05). 438
Toe clearance also did not show any generalization (P > 0.05). 439
440
Visual and proprioceptive shift tests 441
Overall, there was a large amount of variability between subjects for both the 442 proprioceptive and visual shift tests. Subjects from group 1 (Stepping) demonstrated an average 443 proprioceptive shift of -2.3 ± 10.9° and an average visual shift of -2.5 ± 3.2°. Subjects from 444 group 2 (Obstacle) showed an average proprioceptive shift of -0.7 ± 8.1° and an average visual 445 shift of 0.5 ± 4.6°. The only significant difference was for the visual shift in subjects from group 446 1 (Stepping; P = 0.025). A few subjects reported that after removing the prisms they felt like their 447 head was rotated in reference to their trunk. Thus, we quantified head-on-trunk orientation based 448 on position markers on the head and chest regions. We found a trend for a leftward shift (-2.0 ± 449 3.4°, P = 0.083) for subjects from group 1 (Stepping) and a highly variable and insignificant shift 450 (1.0 ± 8.7°, P > 0.05) for subjects from group 2 (Obstacle). This may partially explain the 451 leftward visual perceptual shift in subjects from group 1 (Stepping). 452
Discussion 454
In this study, we demonstrated that the nervous system is capable of adapting to a novel 455 prism-induced visuomotor mismatch during complex, visually guided locomotor tasks. The rate 456 of this adaptation depended on the task. The presence of aftereffects observed in several measures 457 following the removal of the prisms support the notion of an internal model for the control of 458 visually guided locomotion. Furthermore, we found a unilateral, symmetric generalization pattern 459 in that only the left foot placement generalized across both tasks. This finding extends recent 460 research into generalization patterns during reaching and locomotion. To our knowledge, this is 461 the first study to examine prism adaptation and generalization during complex, visually guided 462 locomotor tasks and thus, adds important knowledge to the understanding of how the nervous 463 system integrates sensory and motor information to perform essential everyday skills. 464
465
Characteristics of prism-induced adaptation during precision stepping and obstacle avoidance 466
In our experiments, prisms induced a rightward shift of visual information (~11.3°). This 467 provided a mismatch between the seen position and the proprioceptive (or felt) position of the 468 lower limbs. Consequently, a sensory prediction error resulted from the difference between 469 expected sensory feedback estimated from the motor command to the lower limbs and actual 470 sensory feedback generated during the limb movements (Shadmehr et al. 2010) . Despite this 471 mismatch, subjects were able to adapt to successfully step to targets or step over an obstacle 472 while walking after the initial endpoint error on the first prism exposure trial. Several of our 473 measures subsequently demonstrated negative aftereffects upon removal of the prisms, albeit 474 smaller than the initial error during the adaptation phase. The smaller aftereffects may be 475 partially explained by the fact that visual feedback was available during the generalization trial, 476 which was performed prior to the first post-adaptation trial and thus, subjects could have begun 477 to re-adapt. Regardless, the implication for the presence of aftereffects is that the nervous system 478 updates an internal model to account for the error and adapts the motor commands appropriately. This indicates that the nervous system can adapt the two lower limbs independently to meet the 502 task demand. In support, Choi and Bastian (2007) recently found that aftereffects were specific to 503 the limb after subjects underwent hybrid walking on a split-belt treadmill (stepping on one belt 504 moving forward and one belt moving backward), suggesting that walking adaptations are stored 505 independently for each leg. 506
Toe clearance of the lead limb over the obstacle is also essential and that it too failed to 507 adapt was unexpected. This lack of adaptation might be attributed to the use of a safety margin. 508
Given that the majority of subjects collided with the obstacle on the first trial, a default strategy 509 of maintaining a particular toe elevation to ensure that they didn't hit the obstacle was likely 510
chosen. This is evident from the example subject displayed in Fig. 4 , although other subjects 511 showed a larger overcompensation on the second trial. After a perturbation during locomotion 512 subjects typically adopt a cautious gait strategy on subsequent trials; foot placement onto a 513 slippery surface is drastically altered following the first exposure (Marigold and Patla 2002) . 514 515
Unilateral, symmetric generalization across the visually guided locomotor tasks 516
Our results demonstrated unilateral, symmetric generalization. Generalization was 517 symmetric in that there was a bidirectional transfer between prism-adapted precision stepping and 518 results is the fact that both tasks were performed during walking. Symmetric generalization 522 between different external environments (obstacle avoidance during level walking versus 523 downhill walking) has been found with subjects performing an obstacle avoidance task via 524 acoustic feedback (rather than vision of the obstacle and limbs) regarding obstacle clearance 525 (Lam and Dietz 2004) . Taken together, generalization appears to be largely dependent on the task 526 under investigation. This suggests that further study is warranted to determine which tasks may 527 generalize using different manipulations, and thus have the potential to facilitate targeted 528 rehabilitation for those after neurologic injury. 529
The unilateral aspect of the generalization was reflected by the fact that only measures 530 associated with the left lower limb generalized across tasks. Though a lack of adaptation might 531 account for the right lower limb of group 2 (Obstacle) subjects, it doesn't explain why the right 532 lower limb of group 1 (Stepping) subjects failed to demonstrate generalization. Rather, a form of 533 proprioceptive learning may explain these results. In both locomotor tasks, subjects had to make 534 a visually guided and coordinated step with their left foot either to a second target or over an 535
obstacle. This step required a greater modification than stepping to the first target or before the 536 obstacle with the right foot. Furthermore, in the case of the precision stepping task, the second 537 target remained a constant distance from the right target. Therefore, once subjects had adapted 538 2009). Results in patients with cerebellar lesions also support this idea, as they lack the ability to 575 adapt to prismatic displacement during a throwing task (Martin et al. 1996a ). It is likely that the 576 PPC and cerebellum form a network, given known neuroanatomical connections, which work 577 together so that errors detected by regions within the PPC inform and facilitate the updating of 578 internal models in the cerebellum (Chapman et 
Krakauer 2008). 580
We propose that similar to reaching prism adaptation, the PPC and cerebellum are heavily 581 involved in both precision target stepping and obstacle avoidance prism adaptation. Indeed, 582 Marigold 2008) similar to reaching (Pisella et al. 2000) . 592
In conclusion, we demonstrated, for the first time, the nervous system's capability to adapt 593 to prisms during two visually guided locomotor tasks. Our findings of a unilateral, symmetric 594 generalization pattern support growing literature suggesting that generalization is highly task-595 dependent and further research is warranted to better understand the patterns in order to facilitate 596 locomotor rehabilitation paradigms. 597 Step N-1
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